We have previously conducted the Sirolimus and Autophagy Inhibition in LAM (SAIL) trial, a phase 1 dose-escalation study of the combination of sirolimus and hydroxychloroquine in patients with lymphangioleiomyomatosis (LAM). The goal of the present study was to analyze sera from the SAIL trial to identify novel biomarkers that could shed light into disease pathogenesis and response to therapy.
Lymphangioleiomyomatosis (LAM) is a rare cystic lung disease that affects women, usually with onset during the childbearing years. LAM is characterized by biallelic loss-of-function mutations in the TSC1 or TSC2 gene 1 within smooth muscle-like "LAM cells." The mechanistic/mammalian target of rapamycin (mTOR) complex is activated in LAM cells. 2 Rapamycin is US Food and Drug Administration-approved for the treatment of LAM on the basis of the landmark Multicenter International Lymphangioleiomyomatosis Efficacy and Safety of Sirolimus trial, which showed that rapamycin stabilized the rate of lung function decline, but continuous use is required for sustained effect. mTORC1 is a key inhibitor of autophagy; therefore, tuberous sclerosis complex (TSC)-deficient LAM cells are predicted to have low levels of autophagy. By inhibiting mTORC1, rapamycin strongly induces autophagy, which has been shown to induce prosurvival effects in TSC-deficient cells. 4 In vitro and in vivo data support the hypothesis that the combination of autophagy inhibition (hydroxychloroquine [HCQ] ) and mTORC1 inhibition (rapamycin) can result in the death of TSC2-deficient cells. 4 We have previously performed the Sirolimus and Autophagy Inhibition in LAM (SAIL) phase 1 dose escalation study of a combination of sirolimus and HCQ for the treatment of LAM. 5 The study enrolled 13 subjects, with 3 receiving low-dose HCQ (200 mg) and 10 receiving 400 mg HCQ. 5 The SAIL trial met the primary end point of safety, and a secondary end point suggested potential efficacy in stabilizing lung function 6 months after stopping combination therapy. Serum samples were collected from subjects enrolled in SAIL during all study visits with the exploratory goal of identifying biomarkers of disease and response to therapy.
The study of peripheral blood in patients with LAM has previously identified multiple molecules 6 that are differentially present in the sera of women with LAM.
The most important of these is vascular endothelial growth factor (VEGF)-D, a diagnostic biomarker of LAM in clinical use [7] [8] [9] and a candidate biomarker of therapeutic response to rapamycin. 10 To date, however, no large-scale studies of sera from women with LAM have been reported.
In this study, we measured the concentrations of 279 serum proteins in samples collected from subjects enrolled in the SAIL trial at every study visit (seven visits total). We hypothesized that this large-scale study of analytes would identify biomarkers that shed new light on disease pathogenesis and others that indicate response to therapy. We further hypothesized that using network medicine approaches would unravel previously unsuspected important molecular pathways, enhancing our understanding of LAM pathogenesis.
Background and Study Population
The study population was composed of participants in the SAIL trial, the design of which has been described previously (e- Table 1) . 5 Study visits are summarized in Figure 1 . The study was designed by the investigators and the protocol was approved by the Department of Defense and the Institutional Review Boards at Brigham and Women's Hospital and the NHLBI (IRB#2012P000669).
Analytes Measurements
Serum was collected from every enrolled subject at each study visit. Analytes were measured using the DiscoveryMAP platform (Myriad RBM).
Statistical Analysis
One hundred eighty-three analytes were measurable in all samples. An additional 39 proteins had #50% missing values, which were imputed; therefore, a total of 222 proteins were included in the analysis.
The R programming language (version 3.3.2) was used for all statistical analyses. 11 A heat map displaying analyte levels at baseline, end of treatment, and end of study was generated using the R package gplots (version 3.0.1), 12 with clustering performed using the built-in R function hclust and scaling of analyte levels per subject achieved with the R package mousetrap (version 3.1.0). 11, 13 All repeated-measure analysis of variance and longitudinal regression modeling was performed using the R package lmerTest (version 2.0.33). Ontology and network analyses were run using DAVID (version 6.8) 14, 15 and Search Tool for the Retrieval of Interacting Genes/Proteins (STRING; version 10.5). 16 
Results

Patient Population and Analyte Measurements
Study design and characteristics of study subjects have been previously published 5 and are detailed in Figure 1 and e- Table 1 . A total of 79 sera were submitted for analysis from 14 subjects; one subject screen failed and that sample was not included in the analysis. One hundred eighty-three analytes were measurable in every sample (Fig 1 and e-Table 2 ).
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Relationship Between Baseline Study Subject Characteristics and Analyte Levels
We evaluated baseline analyte levels per the different population characteristics. We found that baseline use of supplemental O 2 was associated with 15 significantly regulated proteins (P < .05). These differences however, were not present when adjusted for multiple testing (q > 0.05). Menopausal status is known to be associated with decreased rates of lung function decline in LAM. 17, 18 We found that, in addition to higher levels of follicle-stimulating hormone and luteinizing hormone, women who were postmenopausal had significantly lower levels of macrophage colony stimulating factor 1 compared with premenopausal women with LAM (Table 1) . Gene ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways associated with supplemental oxygen use and menopausal status are listed in e- Tables 3 and 4 , respectively.
Analytes Expression in Study Population and Changes Over Treatment Period
After controlling for multiple hypothesis testing, 32 analytes were found to significantly change over the treatment period (24 weeks: visits 1-5) ( Table 2 , Fig 2) . The most significantly changed were pulmonary and activation regulated chemokine or CCL18 and, not surprisingly, VEGF-D. KEGG and GO enrichment analyses were performed on this set of analytes (q < 0.05). The KEGG results demonstrate an enrichment in cytokine pathways and pathways involved in mTORC1 signaling (Rap/Ras/PI3K) in addition to other seemingly unrelated diseases such as rheumatoid arthritis (Fig 3A) . around processes related to chemotaxis and immune system ( Fig 3B) . Finally, all the treatment-regulated analytes were subjected to network analysis using STRING. 19 Two notable hub proteins were identified:
(1) acetyl-CoA carboxylase alpha and beta, which together form the acetyl-CoA carboxylase complex, a critical step in lipid biosynthesis and known mTORC1 downstream target 20 (e- Fig 1, Fig 3C) and (2) coagulation factor II or thrombin, which is involved in wound healing, blood homeostasis, and inflammation and has previously been shown to induce endothelial cell proliferation through p70S6K-dependent pathways. 21 
Analyte Changes as Predictors of Lung Function
We examined the relationship between analyte and FEV 1 changes over the treatment period. Of the 32 analytes that changed over visits 1 through 5, changes in VEGF-receptor (VEGFR)-3 and CCL21 were associated with changes in % FEV 1 over the treatment period (baseline to week 24 [q < 0.05]). When comparing two subjects with the same baseline % FEV 1 and holding time constant, a subject with a 1-unit lower log VEGFR-3 was estimated to have a % FEV 1 that was 38.7 AE 8.2 higher, and a 1-unit lower log CCL21 was estimated to result in a % FEV 1 that was 56.8 AE 13.8 % higher.
We further examined the ability of analytes to predict lung function over the entire study period: baseline to 48 weeks. Of the 32 analytes that significantly changed with treatment, 20 correlated with FEV 1 over the duration of the study (Table 3 , Fig 4) . Again, CCL21 and VEGFR-3 were the most significantly associated with FEV 1 (% predicted). CCL21 decreased in response to combination therapy, and, when holding time constant, a subject with a 1-log unit lower CCL21 level was estimated to have a 49.8 AE 10.5 higher FEV 1 % predicted. On the other hand, Periostin increased after treatment, and a subject with a 1-log unit higher Periostin level was estimated to have a FEV 1 % predicted that was 33.5 AE 9.5 higher. Changes in VEGF-D levels were associated with changes in lung function over the course of the entire study, with every log unit decrease in VEGF-D associated with a 21.3 AE 7.0 increase in FEV 1 % predicted when holding time constant.
Early Changes in Analyte Levels and Prediction of Lung Function
For the design of future clinical trials, 22 it is important to identify the earliest analyte changes associated with changes in lung function; therefore, we analyzed the earliest treatment time point (week 3) for evidence of changes in the analytes. Of the 222 analytes included in the analysis, 38 were changed as early as week 3 of therapy by paired t test (q < 0.05) ( Table 4 ). CCL18 and matrix metalloproteinase 9 (MMP9) featured the most significant changes, decreasing by 48.6% and 31.2%, respectively. Mean CCL18 level continued to decrease throughout the treatment period before increasing after treatment cessation. Mean MMP9 level stabilized during treatment and increased during the observation period. VEGF-D significantly decreased by 12.7% at week 3. After correction for multiple testing, no analyte changes by week 3 correlated with FEV 1 over the treatment period (baseline to 24 weeks); however, we found that early changes (between visits 1 and 2) in TFF3 and CD5L were significantly associated with FEV 1 over the entire study period (baseline to week 48). When comparing two subjects with the same baseline FEV 1 , a 1-unit decrease in the log difference (or log of the fold change) in TFF3 and CD5L between week 3 and baseline corresponded to an additional increase of 2.9 AE 0.7 and 2.3 AE 0.7% predicted post-bronchodilator weekly rate of FEV 1 change, respectively. In other words, FEV 1 after 24 weeks of treatment was estimated to be approximately 69.8% and 56.3% higher if the log difference between week 3 and baseline was 1 unit lower for TFF3 and CD5L, respectively.
Durable Effects of Combination Therapy on Analyte Levels
The SAIL trial was designed with 6 months of therapy and 6 months of observation. When the entire study period was examined, we found that 68 analytes significantly changed over time (e- Table 5 ). Of these 68 analytes, 46 (68%) normalized to baseline levels during the observation period.
When we examined the 32 analytes that changed during the study period, we found that 14 remained stable during the observation period, which could be an Figure 2 -Peripheral blood proteins changed with combination therapy with sirolimus and hydroxychloroquine. Heat map of analytes that significantly changed during the treatment period for subjects with analyte measurements at baseline, the end of treatment (week 24), and the end of observation (week 48). Columns: individual patient measurements at weeks 0, 24, and 48; rows: analytes that changed significantly between weeks 0 and 24 by repeated measures analysis of variance. Log10-transformed analyte levels were scaled separately for each patient across the three visits of interest. Increased shades of yellow, increased relative to subject mean; increased shades of purple, decreased relative to subject mean; gray, unchanged relative to subject mean. Analytes were clustered hierarchically and subjects were clustered hierarchically and separately within each visit.
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Analysis of Low-vs High-Dose HCQ
To gain insights into changes resulting from increasing doses of HCQ, we evaluated subjects who received lowdose (LD, 200 mg, n ¼ 3) vs those who received higher dose (HD, 400 mg, n ¼ 10) HCQ during the treatment phase of the study. We found that 17 analytes showed different regulation between low and higher dose HCQ (e- Table 7 ), suggesting perhaps that these changes were due to the combinatorial effects of rapamycin and HCQ treatments and not driven by mTORC1 inhibition alone. KEGG pathway analysis revealed enrichments for cytokine receptor interaction and signaling as well as hematopoietic cell lineage and Toll-like receptor signaling. A STRING analysis demonstrated an organized network centered around actin-related protein 2, which plays an important role in the actin cytoskeleton and autophagosome formation. 23 For these 17 analytes, we additionally compared LD and HD subjects more directly by computing protein level differences from baseline at each visit separately for LD and HD subjects and performing t tests directly between LD and HD subjects at each visit. Vitronectin levels were consistently different from baseline levels in the HD subjects for visits 4 through 7 (P < .05), with average levels decreasing through the study period, whereas there were no differences from baseline in the LD group. In addition, except for week 8 (visit 3), vitronectin levels were significantly lower in HD subjects compared with LD subjects (P < .05).
Visfatin levels in the HD group decreased over the study period and were consistently different from baseline at each study visit except for visit 7 (P < .05). Moreover, these levels were significantly lower than the LD group at the end of observation (visit 7; HD 0.57 AE 0.04 vs LD: 0.96 AE 0.06, P < .05).
Changes in Autophagy-Associated Analytes
To examine the potential effect of HCQ on autophagy, we cross-referenced the 222 analytes included in the analysis with a database of known autophagy-related human genes, identifying eight analytes: AXL receptor tyrosine kinase, brain-derived neurotrophic factor (BDNF), cathepsin D, epidermal growth factor receptor (EGFR), human epidermal growth factor receptor 2, insulin, receptor tyrosine protein kinase erbB3, and soluble superoxide dismutase 1. Of these analytes, only BDNF levels changed significantly by repeated measures analysis of variance for all subjects (q < 0.01 for entire study duration, P < .05 for treatment period only). Furthermore, we investigated differences in these analyte levels comparing subjects that received the low dose of HCQ and those that received the high dose. Regardless of HCQ dosage, BDNF levels consistently decreased in comparison to baseline throughout the treatment period (LD: visits 4 and 5; HD: visits 2-5, P < .05), with HD subjects only exhibiting significantly lower BDNF levels than LD subjects at week 36 (visit 6, HD: 1.27 AE 0.02 vs LD: 1.40 AE 0.01, P < .05). EGFR levels were significantly lower in HD than LD subjects at week 24 (visit 5, HD: 0.38 AE 0.01 vs LD: 0.50 AE 0.02, P < .05) and week 36 (visit 6, HD: 0.41 AE 0.01 vs LD: 0.51 AE 0.01, P < .05), although they were also significantly lower at baseline (HD: 0.39 AE 0.02 vs LD: 0.53 AE 0.01, P < .05). See Table 2 legend for expansion of abbreviations.
Discussion
Biomarker identification is critical for the management of patients with lung disease, especially biomarkers that occur prior to changes in FEV 1 or FVC, or so-called predictive biomarkers. Identifying markers of response to therapy can change our approaches for patient care, allowing a more personalized approach to therapy. In addition, and of importance, the identification of biomarkers of response to therapy could allow a change in the design of clinical trials, with earlier quantitative end points. This is especially important in a rare lung disease such as LAM, because fewer subjects would need to be enrolled and the trial could be conducted more efficiently vs trials undertaken on the basis of lung function end points. 22 Biomarkers of treatment effect that occur before changes in lung function could allow doses to be "personalized." Finally, the identification of biomarkers could potentially provide valuable insights into disease pathogenesis.
Our approach of using a large-scale analytes study led to the identification of novel, previously unsuspected candidate biomarkers of response to therapy in LAM, which could potentially be linked to cellular responses and disease pathogenesis. For example, we identified 32 analytes that changed during the treatment period. A network analysis identified acetyl-CoA carboxylase complex as one of the central nodes regulating these analytes. Acetyl-CoA carboxylase complex plays important roles in fatty acid synthesis and is a known downstream target of mTORC1. 20 Surprisingly, another central node that we identified is coagulation factor 2, known to be regulated by mTORC1 but previously not shown to potentially play important roles in disease pathogenesis in LAM; however, the coagulation cascade has been shown to contribute to pathogenesis of lung disease, 24 specifically idiopathic pulmonary fibrosis.
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We identified VEGFR-3 and CCL21 as predictors of lung function decline, molecules that are likely involved in disease pathogenesis because both are intimately involved in lymphatic endothelial biology. VEGFR-3, a tyrosine kinase receptor and the canonical receptor for VEGF-D, 26 is expressed on the cell surface of LAM cells. 27, 28 Of note, a pan-tyrosine kinase inhibitor has previously been shown to be a viable therapeutic target in animal models of LAM. 29 Soluble VEGFR-3, a potent inhibitor of lymphangiogenesis, 30,31 has previously been described as a biomarker in melanoma. 32 In our studies, levels of soluble VEGFR-3 were predictive of lung function decline, with decreases in soluble VEGFR-3 levels leading to improved FEV 1 . The relationship of these findings to the pathogenesis of LAM remains to be investigated. CCL21, the second predictor of lung function decline, a chemokine secreted by lymphatic endothelial cells, plays an important role in immune tolerance 33 and has previously been shown to upregulate VEGF-D in cancer cells through the ERK pathway. 34 The role of CCL21 in LAM pathogenesis is not known; however, it has been shown to be a predictor of lung involvement in systemic lupus erythematous. 43 These changes in CD5L could be related to either sirolimus, HCQ, or the combination. Furthermore, CD5L is a critical regulator of lipid mediators in health and in acute lung injury, 40 in addition to being a key regulator of intracellular lipidomic profile and cholesterol biosynthesis. 39 The data provide further evidence related to the importance of the lipid biosynthesis pathways in response to therapy and perhaps disease pathogenesis.
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The SAIL trial examined the combination of mTORC1 inhibition and autophagy inhibition. In an effort to understand changes linked to inhibition of autophagy rather than mTORC1, we identified through network analysis actin-related protein 2, a molecule involved in autophagy, as a potential upstream node explaining the differential response between lower and higher dose HCQ. Furthermore, we found that levels of BDNF, a known autophagy mediator via the PI3K/Akt/mTOR pathway, 44 significantly decreased over the course of the treatment period in all subjects, with subjects receiving the higher HCQ dose having a lower BDNF level at week 36. In addition, visfatin levels were found to be significantly lower by the end of observation in subjects receiving the high-dose HCQ, whereas vitronectin levels were significantly lower in subjects taking high-dose vs low-dose HCQ in all but one study visit. Visfatin/NAMPT has been shown to enhance autophagy in cerebral ischemia, 45 whereas to our knowledge, vitronectin has not yet been implicated in autophagy. On the basis of these findings, BDNF, visfatin, and vitronectin could be indicative of successful autophagy inhibition; therefore, the levels of these analytes could be monitored in future trials to appropriately estimate a safe observation duration post drug withdrawal.
Our study has several limitations, including: (1) the lack of a control group that was treated with sirolimus alone, so that more granular distinction could be made as to analytes that were modulated by the combination of HCQ and sirolimus vs sirolimus alone; (2) the lack of a placebo group, which prevented a direct correlation between analyte changes and outcomes; (3) the lack of a validation cohort; and (4) the duration of the study period (treatment and observation) may not have been long enough to adequately assess response to sirolimus and HCQ treatment. Internal controls such as high follicle-stimulating hormone and luteinizing hormone levels in menopausal subjects and the identification of VEGF-D in our analysis provide a measure of reassurance regarding our samples and analyses.
In summary, we present the first large-scale study of analytes in sera of women with LAM. We identified markers that could be linked to disease pathogenesis, lung injury, and therapeutic response. These data will allow future investigations into the role of these specific molecules in disease, and, after validation in other cohorts, could perhaps serve as end points of future clinical trials and/or enable personalized approaches to the therapy of LAM.
